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Color confinement and dual superconductivity in full QCD

J. M. Carmond* M. D’Elia,>" L. Del Debbio®>** A. Di Giacomo®*%B. Lucini® and G. Paffufi*'
!Departamento de Bica Tégica, Universidad de Zaragoza, 50007 Zaragoza, Spain
“Dipartimento di Fisica dell'Universitadi Genova and INFN, Sezione di Genova, Via Dodecaneso 33, |-16146 Genova, ltaly
3Dipartimento di Fisica dell’'UniversitaVia Buonarroti 2 Ed. C, 1-56127 Pisa, ltaly
4INFN sezione di Pisa, Via Vecchia Livornese 1291, 1-56010 S. Piero a Grado (Pi), ltaly
5Theoretical Physics, University of Oxford, 1 Keble Road, OX1 3NP Oxford, United Kingdom
(Received 27 May 2002; published 17 July 2p02

We report on evidence that confinement is related to the dual superconductivity of the vacuum in full QCD,
as in quenched QCD. The vacuum is a dual superconductor in the confining phase, whilg jhmagnetic
symmetry is realized@ la Wigner in the deconfined phase.
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[. INTRODUCTION chiral transition has to do with the deconfinement transition.
However, the susceptibilities of different quantitiéghe
In a series of papefd —3], which we shall referto as |, Il, Polyakov line(L), the chiral condensatéhave been mea-

Il respectively, we have demonstrated by numerical simulasured, and all of them have a maximum at the same value
tions that the quenched QCD vacuum is a dual superconfFc(mg) for any value ofm,. Above a certain value of,
ductor in the confining phase, and goes to a normal state 4m,>3 GeV) the transition is first order, as in the quenched
the deconfinement transitioisee also Ref{4]). More pre-  case, andL) still works as an order parameter. #,~0 the
cisely we have constructed an operajorcarrying a mag- transition is presumably second order. At intermediate values
netic charge and we have measured its vacuum expectatiéhe susceptibilities which have been considered show a
value (u). For T<T. (u)#0, for T>T, (u)=0 and, ap- maximum atT., but it does not become large at increasing
proaching T., (u)=(1—T/T.)° [6=0.50(3)]. Magnetic Vvolume. The indication is then that there is no transition but
charge is defined by a procedure called Abelian projection: ipnly a crossover.
associatesN.— 1) U(1) magnetic symmetries to any opera- A natural question is then if dual superconductivity is a
tor ¢ in the adjoint representatiof5]. A priori magnetic ~symmetry for the transition in full QCD as it is in the
symmetries corresponding to different Abelian projectionsquenched case. In the spirit of thg— o limit, one would
(different choices ofp) are independent. In |, Il, Ill we have e€xpect that the mechanism of confinement be the same as in
shown that the behavior dfu), including the value of the quenched QCD, the idea being that the structure of the
index &, is independent of the Abelian projection. theory is the same as that in the linh.—o at g°N =X\
There is general agreement on the order-disorder nature dked: at finiteN. small differences are expected with respect
the deconfining transition in the quenched case. The populd@ the limiting case. Quark loops are nonleading in the ex-
order parameter is the Polyakov ligk); the symmetry in- ~pansion. T.he mechanism of confinemen.t should pe approxi-
volved isZy . Alternatively the dual’t Hooft) line (L) [6] mately N, independent and the same with and without dy-

can be used as a disorder paraméteder parameter of the namical quarks.

. . = The disorder parametdi) can be constructed in full
disordered phagecorresponding to the dualy symmetry. . .
Our (u) is also a good disorder parameter, and in fact itQCD exactly in the same way as in the quenched ¢ase

TN _ 2 Sec. I). At a given temperatur€, (u) has to be computed in

coincides numerically witi{L) [7,8]. _ the infinite volume limit. We have investigated the region
In full QCD, i.e. in the presence of dynamical quarks, theT<T_ where we find

situation is less cleaZy andZy symmetries are explicitly

broken by the very presence of the quarks. At zero quark lim () #0 1)

mass there is a phase transition at sdrgenvolving chiral Voo

symmetry: forT<T,. chiral symmetry is spontaneously bro-

ken, the pseudoscalar octet being the Goldstone particleghd_l_>_|_ where we find

and forT>T, it is restored. Quark masses do break chiral ¢

symmetry explicitly. It is not clear theoretically what the

lim (u)=0 (2)

Voo
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The finite size scaling analysis in the critical region is ! T 4 | — 1 —11°
under investigation, to study the nature and the order of the | o *
transition. $ * .
08
L]
Il. DISORDER PARAMETER - ~-5000
@« (e}
The operatoy is defined in full QCD exactly in the same %"'6 B o ®
way as in the quenched thedry—3] g g 7] p
i [e]
_2 %0'4_ ®o, {10000
(w)=5, I .
02 s o 1
= -BS | .
Z f (DU)e P>, ©) » o - -15000
0 | | | ] | | ] | |
5 51 52 53 54 55 56 57 58 59 6
~ < i
zzf (DU)e A8,

FIG. 1. Chiral condensat@pen circlesandp (filled circles on

Z is obtained fronZ by changing the action in the time slice the 324 lattice.

X9, S—S=S+AS. In the Abelian projected gauge the

plaquettes Instead of( u) we measure the quantity
Tio(X,X0) = Uj (X, Xo) Ug(X+1,X0) d
XUl (% xo+ 0) UL o) @ p=gp"nm) ©
are changed by substituting It follows from Eq. (3) that
Ui(%.x0) = Ui(X,X0) =Uj(X xo) €T (5) p=(S)s— (s, @)

whereb(x—y) is the vector potential of a monopole con- the subscript meaning the action by which the average is
figuration centered ay in the gaugeVb=0, andT is the  performed. In terms op,

diagonal gauge group generator corresponding to the mono-

pole species chosen. In &) T=¢3/2, in SU3) T=\3/2 or B
(vBA\g—\3)/2. In the generic SW) case the procedure is <,LL>ZEX[< fo p(B)dB )
explained in Ref[9]. Unlike the Zy center symmetry, the

U(1) magnetic symmetry defined after Abelian projection isp drop of () at the phase transition corresponds to a strong
a good symmetry also in the presence of dynamical fermi'negative peak op.

ons. It can be shown that, as in the quenched qasalds to
any configuration the monopole configurati&(ni—)?). If 0 -— = T

8

. . . . . > & |
the magnetic symmetry is realizeda Wigner,{u)=0 if u = 3@0
carries nonzero net magnetic charge. THern #0 means -2000 | IJ hi
Higgs breaking of the (1) symmetry. Thereforéuw) can be
a correct disorder parameter for the transition to dual super- =400 | T
conductivity also in full QCD.
-6000 | 5
0 12°x4 -
IIl. NUMERICAL RESULTS 8000 | §§§3§3

We have measuredu) with two flavors of degenerate 10000 | s
staggered fermions oN2x 4 lattices, with different values ~ -
of Ng (Ng=12,16,32) and of the bare quark masg. In ~12000 | T
particular we have chosen, in the transition region, to vary T =
the temperatureT = 1/(N;a(3,mg)), moving in the {3,m,) —14000 | =
plane while keeping a fixed value of,./m, . To do this and =
to extract the phyS|caI scale we have used fits tontheand -16000 1 =5 =3 ” 55 56
m, masses published ifL0]. We present here results ob-
tained atm,/m,=0.505: in this case, af;=4, the g corre-
sponding to the transition is approximatef~5.35 [11]. FIG. 2. Behavior ofp around the phase transition at various

Preliminary results have been already presentdd 2 lattice sizes.
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FIG. 4. Strong coupling behavior gf at various lattice sizes

FIG. 3. Weak coupling behavior ¢f at various lattice sizes. andam=0.1335.

We have used th& version of the hybrid Monte Carlo p=—kNs+k' (k>0) 9)
(HMC) algorithm for our simulation$13]. Some technical S

complications arise in the computation of the second term on di tically ind dent of th « ithi
the right-hand side of Eq(7). In the evaluation ofS)g, o '> Practcaly independent of e quark mass within er-

C*-periodic boundary conditions. in timg direction have to begorsst.a;grcr;er;?:strg; Zé&f %%Tr?gotl)zskn t;?cl)znﬁ (%?I?h?? "
used for the gauge fields and this requi@sboundary con-  1,aang thag ) is strictly zero in the infinite volume limit for
ditions in temporal direction also for fermionic variablés  q-ero magnetic charge, and can#® for excitations with
addition to the usual antiperiodic onesn order to ensure ;o pet magnetic charge. This statement is based on the
gauge invariance of the fermionic determinant. This impliesynalysis of many different excitations with different mag-
relevant changes in the formulation and implementation ofetic charges, and Fig. 3 is only an example. The magnetic
the HMC algorithm which are explained in detail in Ref. symmetry is therefore realizedla Wigner forT>T, and the
[14]. Hilbert space is superselected. Notice that

We have chosen the Polyakov line as the local adjoint (1) (x) can only be strictly zero in the infinite volume
operator which defines the Abelian projection. Actually, call-limit (Lee-Yang theoremil5]), and(2) if we were measuring

ing L(X,X,) the Polyakov line starting at poini(xo), the () directly we would find zero within large errors. Looking
Abelian projection is defined by the operator instead atp we can unambigously check E¢9), which
L(X,%o)L*(X,Xo), Which transforms in the adjoint represen- Means thatu) is strictly zero asNg— . o
tation when usingC* boundary conditions. ForT<Tc (u)#0 _|f p stays constant and finite with in- _
The use of a modified gauge action also implies change§'€asing volume. This is what indeed happens as shown in

in the molecular dynamics equations. One has to maintaifi'd- 4- Nothing spectacular can happen at larger volumes,

o o L~ . since no larger length scale exists in the system.
the modified Hamiltonian containing constant. A change in Around T, a finite size scaling analysis is required to get

any temporal link indeed induces a changelLifx,xo) and jnformation on the order of the transition as well as to mea-

hence in the Abelian projection defining the monopole field.gyre the critical indices. The problem is more complicated

Therefore the dependence®bn temporal links is nontrivial  than in the quenched case, since an extra scale, the quark

and the equations of motion for the temporal momenta bemass, is present. The program is on the way on a set of

come more complicated. APEmille machines. Some qualitative features are shown in
Figure 1 shows for a 32x 4 lattice, and the chiral con- Fig. 2.

densate as a function @f. The negative peak gf is clearly

at the same value g8 where() drops to zero.
Figure 2 shows the plot gf for different spatial sizebl,. V. CONCLUSIONS
For larger lattices the peak becomes deeper and the value of The preliminary data reported in this paper contain
p at high 8 lower. enough information to state that dual superconductivity is at
An analysis ofp at largeB’s as a function o is shown  work as a confinement mechanism in QCD with dynamical
in Fig. 3, for different masses of the staggered fermions useduarks, in the same way as in the quenched thgoti; Il ].
in the simulations. For net magnetic charg® For T>T, the Hilbert space is superselected with respect to

011503-3



RAPID COMMUNICATIONS

J. M. CARMONA et al. PHYSICAL REVIEW D 66, 011503R) (2002

magnetic charge, fof <T. the symmetry is broken by the ACKNOWLEDGMENTS
Higgs mechanism.

Dependence of the disorder parameter on the choice of This work has been partially supported by MIUR and by
the Abelian projection and the nature of the transition areEU Contract No. FMRX-CT97-0122. B.L. is supported by
under investigation. grant No. HPMF-CT-2001-01131.

[1] A. Di Giacomo, B. Lucini, L. Montesi, and G. Paffuti, Phys. [9] L. Del Debbio, A. Di Giacomo, B. Lucini, and G. Paffuti,

Rev. D61, 034503(2000. IFUP-TH-2002-11, hep-lat/0203023.

[2] A. Di Giacomo, B. Lucini, L. Montesi, and G. Paffuti, Phys. [10] T. Blum et al, Phys. Rev. D61, 5153(1995.
Rev. D61, 034504(2000. [11] S. Aoki et al, Phys. Rev. 67, 3910(1998.

[3] .M. Carmona, M. D’Elia, A. Di Giacomo, B. Lucini, and G. [12] J.M. Carmona, M. D’Elia, L. Del Debbio, A. Di Giacomo, B.
Paffuti, Phys. Rev. 054, 114507(2002). Lucini, and G. Paffuti, Nucl. Phys. BProc. Supp). 106, 607

[4] P. Cea and L. Cosmai, Phys. Rev.6R, 094510(2000. (2002.

[5] G. 't Hooft, Nucl. PhysB190, 455(1981). [13] S. Gottlieb, W. Liu, D. Toussaint, R.L. Renken, and R.L.

[6] G. 't Hooft, Nucl. PhysB138 1 (1978. Sugar, Phys. Rev. B5, 2531(1987.

[7] L. Del Debbio, A. Di Giacomo, and B. Lucini, Nucl. Phys. [14] J.M. Carmona, M. D’Elia, A. Di Giacomo, and B. Lucini, Int.
B594, 287 (2007). J. Mod. Phys. Cl1, 637 (2000.

[8] L. Del Debbio, A. Di Giacomo, and B. Lucini, Phys. Lett. B [15] T.D. Lee and C. N Yang, Phys. Re&7, 404 (1952; 87, 410
500, 326 (2001). (1952.

011503-4



